Numerical simulation with progressive damage criterion is implemented to investigate the effect of porosity on the bending properties of 2D cross-ply carbon/carbon (C/C) composites.
Introduction
There is no surprise to claim an essential demand of the accurate mechanical properties characterization for carbon fiber reinforced Pyrolytic carbon (PyC) matrix composites (C/C), which have been applicated in the various industries [1, 2] including aircraft brake sinks and aerospace structures even at temperature till 3000 ˚C due to the excellent properties such as low density, high module, high specific strength and low coefficient of thermal expansion [3, 4] . Chemical vapor infiltration (CVI) [5, 6] has been used to fabricate C/C composites with excellent performance. However, during this process, a large number of pores (voids) are formed resulting from the incomplete infiltration. Since it has been proved that the mechanical properties of the composites are strongly depended on their microstructures [7, 8] , the approaches which can precisely characterize the microstructures have obtained significant success on predicting the effective mechanical properties of composites.
Traditionally, experimental measurement is the most commonly used method to investigate the effective mechanical properties of composites [9, 10] . However, due to the timeconsuming and costly experimental tests [11] , analytical calculation and numerical simulation are at least regarded as an alternative. To date, the analytical models have achieved much progress in investigating the mechanical behaviors of composites [12] . Zuo et al. [13] employed the statistical analytic method and Tsai-Wu polynomial criteria to investigate the tensile strength of 3D braided composites and the results were verified to be accurate.
Barbero et al. [14] developed an closed form analytical solution on the basis of mechanics to research the bending properties of balanced laminated composites with matrix cracks.
However, when the effects of the complex microstructures of C/C composites (such as pores and fibers) have to be taken into account, the actual analytical models for predicting the failure behavior require additional specific treatments.
By the availability of advanced commercial FEM package and the powerful scripts interface, FEM simulation has been increasingly used in the last decade [15, 16] . Shi et al. [17] modelled the damage of composites laminates, where Puck progressive damage program [18] was used to define the material properties and Hashin criteria was selected to estimate the breakage of fiber and matrix. Schiffer et al. [19] investigated the bending failure modes of the cross-ply laminate carbon/epoxy composites using the extended FEM technique within the framework of Abaqus/Standard. Rao et al [20] analyzed the effect of architecture on the mechanical properties of 3D C/C composites by FEM simulation, where the geometrical information was gained from the microscopic images. As a result, by using FEM simulation technique, one primary issue is to precisely characterize the microstructures and the properties of the component materials.
To obtain the accurate predictions of the effective mechanical properties of C/C composites with the reasonable computational efficiency, the microstructures of C/C composites should be characterized appropriately. Up to now, extensive techniques have been successfully used to obtain the microstructure of composites, such as scanning electron microscope (SEM) [21] , micro CT [11] and Mercury Intrusion Porosimetry (MIP) [22, 23] . Compared with the complex data obtained from micro CT test [24] and only 2D information got from SEM, MIP technique can provide both the distribution of the pore radius and the pore volume [25] . In the present work, only the effect of porosity on bending properties will be investigated.
Hence, by taking into account the computational cost and the result accuracy, MIP technique are selected to characterize the pore inclusions.
The aim of the present work is to evaluate the effect of the porosity on the bending properties of 2D cross-ply C/C composites using FEM simulation technique. The information of the porosity is obtained by the MIP technique. And then, the effective mechanical properties of the unidirectional C/C composites with different porosities are calculated by using two-step M-T mean-field scheme and strength theory. The FEM simulations are implemented in the commercial FE package via a user-defined 3D damage subroutine.
Delamination is modelled by inserting the cohesive elements between neighboring plies. The results are validated by comparing against the three-point bend test. Meanwhile, the effects of the porosity on both the ultimate flexural strengths and the fracture behaviors are discussed.
Definition of the component materials properties
The 2D C/C composites (fiber volume fraction of 40% with symmetrical cross-ply lamination [0°/90°]) fabricated by the ICVI process (as shown in Fig. 1 ) are characterized as a complex microstructures (carbon fibers, pores and PyC matrix [26] ). Using methane as precursor gas and nitrogen as diluted gas, the preforms are densified at 1100 ˚C and under a total pressure of 2.5 KPa. The investigated samples are embedded in a resin matrix with polishing, and then microstructures (shown in Fig. 2 ) of them are characterized by PLM (Leica DMIP PLM). The pore structures are identified as the black irregular shapes, which distribute in the composites randomly. Besides, there are some initial internal cracks in the composites due to the damage. 
Properties of equivalent matrix
The matrix can be regarded as a composites of PyC and void. And the properties of PyC can be measured using the Berkovich head of Nano Indentation technique (G200 NI: BS EN ISO 14577 [27] ). Since the size of the head is much smaller than those of the micropores in the C/C composites, the effect of the pore on the test accuracy can be ignore. The strength is measured by uniaxial tensile test (ASTM C1025 and ANSI/ASTM C749), and the results are shown in Table 1 . In order to define the effective elastic properties of the C/C composites, the distribution of these pores should be tested firstly. However, it is hard to define these irregular structures by using a numerical method. When only the effect of the porosity on the mechanical properties of composites is investigated, it is appropriate to approximate these pore inclusions as spheres.
The volumes of the pores with different radius in the 2D-C/C composites are measured by using the MIP technique (Autopore IV9500 Mercury Porosimetry). The investigated specimens for the pressure mercury tests are cut as 1cm×1cm×1cm. Fig. 3(a) shows the five groups test results. In addition, under a certain porosity, the probability density function of the pore radius distribution can be fitted by Logarithmic Gauss function, which is expressed as In this paper, the C/C composites are considered as a combination of three phase materials (PyC+fiber+pore), and the effective stiffness can be calculated using the two M-T mean-field method [28] as interpreted by Benveniste [29] . In the first M-T step, the equivalent matrix is considered as a composites of two component material (PyC+pore), and the effective compliance tensor is derived as follows,
where M, MI and M m are the compliances of equivalent matrix, inclusion and matrix, respectively. C p designates the contribution compliance tensor of the pores. The inclusion stress concentration tensor S I is derived as follows,
where I is the forth-rank unit tensor (2I ijkl  ik  jl  il  jk ). S is the Eshelby's tensor which depends on the shape of the inclusion and elastic properties of the matrix [30, 31] . The boldface symbols mentioned throughout this paper designate tensors, the order of which is lucid from the context and the Einstein convention for using the repeated indices.
In addition, the porosity exerts great influence on the strength of the PyC matrix, which can be calculated by the empirical relations [32, 33] . The function relationship between the strength of the matrix and the pore radius is expressed as follows,
where R0 is the ultimate strength of the PyC without pores, which can be learned from the reference [34] .
Characterization of carbon fiber after CVI process
Compared with the initial carbon fibers in preforms, the strength parameters of fiber in the composites will decline due to the damage in the preparation process [35] (such as crack and oxidation). The accurate definition of the mechanical properties of carbon fibers after CVI treatment will play an important impact on the prediction of the mechanical properties of C/C composites.
The reinforcement of the 2D-C/C composites is 3K T700 carbon fibers bundle, and the strengths of which after CVI process are measured by the uniaxial tension tests. Because the mechanical properties of the bundles are not fully consistent, a statistical theory on the basis of chain model is proposed to characterize the average strength of the boundless, which assumes that the strengths of the brittle fibers can be described by the unimodal Weibull function [36, 37] , where F(σ) is the fracture probability of a fiber under the stress σ, α and β are the Weibull scale parameter and shape parameter, respectively, D is the volume of fibers under stress.
Suppose that the total number of fibers in a bundle is K. σi(i=1,2,…,K) is the strength of fibers, and the average fiber strength as a function of Weibull parameters can be presented as, where 1+1 is Gamma function. With the increase of the fibers number K in the bundle, or even K→∞, the strength of the fiber bundles can be represented using Gauss function [38] .
Thus, the probability density and the cumulative distribution function are derived respectively, where a s and d are the mean value and standard deviation of the fiber bundles strength, respectively. According to the results of uniaxial tension tests of the fiber bundles after CVI process treatment and Eq. (8-9), a s and d are 1237 MPa and 14.8, respectively.
FEM simulation
This section describes the details of the FEM simulation. The algorithm outlined in Section 2 is used to define the materials properties of the FEM models. Combining with the failure criteria and stiffness degradation program, the bending properties of the 2D-C/C composites are obtained by using the FEM software and script interface. The process of the simulation and calculation is shown in Fig. 4 . 
Generation of the FEM mode
The FEM models of the 2D-C/C composites established to simulate the static flexural mechanical properties are rectangular prism with dimensions of L×b×h=55×8×4 mm3 (Fig. 5 ).
The span (Ls) between two supports is 40 mm. Both the supports and the pressure head are defined as discrete rigid, and the radius are 5 mm.
The composites parts are meshed using 8-node linear brick element (C3D8R in Abaqus/Standard (2014a)) with the reduced integration and hourglass control, and the interface between two adjacent plies are meshed using the COH3D8 cohesive elements.
Based on the standard discretization, the relatively finer mesh (with 27,600 elements of the composites part) provides the very close simulation results and it is supposed that the satisfied standard discretization is good enough. Both the global and local coordinates are defined to interpret the ply orientation and to accurately describe the laminate composites mechanical behaviors. Meanwhile, the pressure head and the supports are meshed by using the quadrilateral discrete rigid elements. 
Failure criteria of 2D-C/C composites
In the failure process of fiber reinforced composites, there are several different damage types including fiber failure, matrix failure and interlaminar debonding failure [39] . Thus, in the FEM simulation, failure criteria is important to obtain the accurate materials properties. Tsai-Wu polynomial criteria [13, 40] has been successfully adopted as a fracture criterion in the laminates composites, which can be cast into a more familiar tensor polynomial expression of where XT and XC are the tensile and compression strengths of the unidirectional laminate in the fiber direction, YT and YC are the transverse tensile and transverse compression strengths, S12, S13, and S23 denote the in-plane and out-plane shear strengths, respectively. Under each loading condition, substitute the stresses of the elements into Eq. (11) . If the element is determined to be failed, then the stiffness of it will degrade according to the corresponding failure modes. The judgment of the stress state and the stiffness degradation program will be repeated, until the laminate composites part fails.
Definition of stiffness degradation program
When the stress of the element satisfies the failure criterion of Eq. (11), there are several different stiffness degradation programs corresponding to various damage modes.
Considering the in-situ effect of laminate composites, Puck [18] proposed a method to determine the degradation coefficient Qd, which is listed in Table 2 . The flow chart of the stiffness degradation principle is shown in Fig. 6 . Fig. 6 Flow chart of stiffness degradation
Damage law for interface elements
The interface between the adjacent two plies of laminates is defined by the 0 thickness cohesive elements (Fig. 7(c) ). In this approach, an interface is considered as an independent material joining the adjacent piles of the laminates and has its own constitutive law. A typical traction-separation response ( Fig. 7 (a), (b) ) is used as the damage initiation criterion and it assumes a linear elastic behavior followed by the initiation and evolution of damage [17] . In this paper, damage initiation is defined with the use of quadratic nominal stress criterion which is shown as, where τi (i=1, 2, 3) denotes the traction stress vector in two shear and normal directions, respectively. N, S, T are the corresponding inter-laminate normal and shear strengths and T is usually assumed equal to S (S=T). <> is the Macaulay bracket. , η=2 [43, 44] .
Materials, loading and boundary conditions
The 2D C/C composites can be considered as a combination of unidirectional C/C composites with different orientation (0° and 90°). The effective stiffness of the unidirectional C/C composites (equivalent matrix+fiber) can be calculated using the second M-T method, in which the identical fibers are regarded as unidirectional cylindrical inclusions,
where M eff and C f are the compliance tensor of the unidirectional composites and the contribution compliance contribution tensor of fiber inclusions, respectively. As discussed in Eq. (2) and (4), the compliance tensor of the identical column inclusion is determined by the elastic properties of the component materials and Eshelby's tensor of the cylindrical inclusions [30] . Meanwhile, the effective strength parameters can be calculated on the basis of a strength theory by using the strengths parameters of components materials (equivalent matrix and fibers) and the effective elastic properties of the unidirectional C/C composites [45, 46] . In this theory, it postulates that the composites is considered to fail whenever any of its constituent materials, either the fiber or the matrix, attain its ultimate stress. Moreover, the fiber material is linearly elastic until rupture and there is a perfect bonding along the interface between the fiber and matrix. For the unidirectional C/C composites under compression load, the main failure modes of it are the instability of fiber and the collapse of matrix, and the longitudinal strength and the transverse strength can be calculated by using the fraction values of the component materials, the strength of the matrix and the elastic properties of the matrix and reinforcement [47, 48] . The effective properties of the unidirectional C/C composites with no pores are listed in Table 3 . Table 3 . The properties of the unidirectional C/C composites with no voids
The contact condition between the pressure head and the composites part is surfaceto-surface with small displacement, and the friction coefficient is chosen as 0.2 [17] . In order to mimic the boundary conditions of the experiments, the right and left supporters are defined to be coupled with the composites part and the contact conditions between them are rigid. The boundary conditions are defined by constraining all degrees of freedom of the supporters. In order to make the calculation process easy to converge, the loading conditions of the model are divided into two steps. In the first step, a very small displacement load (0.001 mm) is applied to the reference point of the head, and then in the second step, a displacement load (1.2 mm) is applied which ensures the failure of the composites part. Consequently, following by the simulation models generated in the commercial FEM package Abaqus by importing the aforementioned porous materials properties via Python interface [49] , the bending properties of the 2D cross-ply C/C composites are calculated.
Results and discussion

Effect of the porosity on the flexural strength
The reaction force and the displacement of the reference point are obtained by solving the FEM models generated above. During the bending process, due to the maximum bending deflection ( M ) of the composites part  M / L s ≪0.1, the bending stresses can be calculated by the reaction force of reference point,
where RF is the reaction force corresponding to the displacement load applied in the reference point. In our previous research, to meet the application requirement, the porosity of the C/C composites prepared by CVI is usually less than 20%. In this study, the porosity of the models are chosen as follows: (1 For the higher porosity values of the C/C composites, similar conclusions can also be found in the Ref [50] . The FEM results show that with the increase of the porosity, the flexural strength of 2D-C/C composites decrease rapidly. When the porosity reaches up to 12%, the bending strength is decreased by 46.6%. Since then, with the further increase of porosity, the downward trend of the bending strength will slow down, and finally when the porosity reaches up to 18%, the bending strength decreases by 57%. All the results show that the bending strength of 2D-C/C composites depends on the pore greatly. Fig . 9 shows the relationship between the displacement and the stress of the reference point. For the porosity of 3%, 6%, 9% and 12%, it can find that there are two drastic stress drop in the stress-displacement curves, respectively, and the displacements corresponding to the initial stiffness degradation also slightly decreases with the increasing of the porosity.
Moreover the failure displacement of the models decreases with the increase of the porosity. Following the increasing loading, crack formed in 90˚-ply, which results from the weaker bearing capacity compared with the 0°-ply in the loading direction. During the bending simulations, there are several damage models including fiber breakage, matrix damage and interlaminar debonding, which are defined by the proposed initiation and progression fracture criteria through FORTRAN user-defined subroutine (USDFLD). The results show that interlaminar delamination and damages in 90˚ plies are the main fracture modes (Fig. 11) , which are also found in Fig. 10 . The loading diagram of 2D C/C composites during the bending simulation is shown in Fig.   12 . As shown in the diagram, upper plies bear compressive stress and lower plies bear tensile stress during the bending process. For the lower adjacent layers who subject to the tensile stress, the energy release rate of the crack at the interface of the cross-ply laminates with equal thickness plies can be written as [51, 52] , where K is the stress intensity factor corresponding to the crack-tip at interface ( Fig. 12(d) ), which is determined by the stress state and geometric parameters of the two materials 0° and 90° plies. and E* can be given as, where . μ is the shear modulus of the respective 0°-ply and 90°-ply.
Substituting Eq. (20) into (19), the energy release rate of the interface crack can be derived as,
where E t11 and E t22 are the elastic modulus along the fiber direction and vertical fiber direction in the 0° ply, respectively. is a constant and h is a function of Poisson's ratio.
Compared with the change of the elastic modulus, the variation of the Poisson's ratio can be neglected. Therefore, h can be also regarded as constant here. With the increase of the pore volume fraction, E t11 and E t22 decrease as a result of E m reducing to △E m . It can be found from Eq. (21), the energy release rate (G) of the crack at the ply interface slightly decreases with the increase of porosities. And the delamination fracture accelerate slightly. Similarly, the porosity also effects the delamination of upper plies.
Compared to the 0° plies, the ultimate capacity of the 90° plies is smaller due to the load perpendicular to the fiber direction, which will contribute to the occurrence of damages in the transverse plies easily. During the bending process, the initial crack nucleus could form at the location of the pores or defects in the PyC matrix. With the increase of the bending load, these crack nucleus in the 90° plies begin to extend along the transverse and thickness directions, which are defined as L and T shape of mode I cracks (Fig. 13) . Eventually, a continuous inclined slit crack parallel to the transverse fiber will be formed in the 90° plies.
For the orthotropic materials, the strain energy of these transverse cracks can be given by Eq (22a), and the strain energy release rate of L and T cracks can be derived using Eq (22b) and (22c) [53] , respectively.
Where and γ12 is the in-plane shear strain. It is consistent with the conclusion drawn above. With the increase of porosity, the relative reduction of E t22 is greater than E t11, so the strain energy release rate of G(T) and G(L) decrease. Therefore, the expansion of transverse cracks will be easier with the ascending of the porosity and the transverse fractures phenomenon increase.
Conclusions
A strategy has been presented to evaluate the effective flexural properties and fracture FEM results show that the bending strength decrease greatly with the increase of porosity.
When the porosity reaches up to 18%, the bending strength decreases by 57%. Meanwhile, during the bending failure, the major fracture behaviors are delamination and damage in 90°
plies. With the increase of porosity, the interlamination delamination fracture will be slightly aggravated. Moreover, the increase of porosity will accelerate the damage in 90° plies.
